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ABSTRACT40

Knowledge of Pu adsorption and desorption behavior on mineral surfaces is crucial for 41

understanding its environmental mobility. Here we demonstrate that environmental 42

concentrations of H2O2 can affect the stability of Pu adsorbed to goethite, montmorillonite and 43

quartz across a wide range of pH values. In batch experiments where Pu(IV) was adsorbed to 44

goethite for 21 days at pH 4, 6, and 8, the addition of 5 – 500 µM H2O2 resulted in significant Pu 45

desorption. At pH 6 and 8 this desorption was transient with re-adsorption of the Pu to goethite 46

after 30 days. At pH 4, no Pu re-adsorption was observed. Experiments with both quartz and 47

montmorillonite at 5 µM H2O2 desorbed far less Pu than in the goethite experiments highlighting 48

the contribution of Fe redox couples in controlling Pu desorption at low H2O2 concentrations. 49

Plutonium(IV) adsorbed to quartz, and subsequently spiked with 500 µM H2O2 resulted in 50

significant desorption of Pu, demonstrating the complexity of the desorption process. Our results 51

provide the first evidence of H2O2 catalyzed desorption of Pu(IV) from mineral surfaces. We 52

suggest that this reaction pathway coupled with environmental levels of hydrogen peroxide may 53

contribute to Pu mobility in the environment.54
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INTRODUCTION61

The production and testing of nuclear weapons, nuclear accidents and authorized discharges of 62

radionuclides have all contributed to a global legacy of plutonium (Pu) contamination in the 63

environment.1-4 Pu contamination in the environment is a topic of key concern because of its 64

radiological toxicity and long half-life (24,100 years for 239Pu). A wide array of factors can 65

significantly influence Pu mobility in natural systems including redox processes 5, 6; colloid-66

facilitated transport processes 7-9; solubility effects 10, 11; sorption/desorption rates and affinities 67

for natural mineral surfaces 12-14; and interactions with natural organic matter (including bacteria)68

15, 16. One of the outstanding issues currently limiting the development of reliable predictive69

transport models involves understanding the rates and mechanisms of Pu sorption to, and 70

desorption from, mineral surfaces in the presence of water. 71

Under environmental conditions Pu can exist in multiple oxidation states (Pu(VI), Pu(V), Pu(IV), 72

and Pu(III)) with each oxidation state displaying a unique solubility10 and sorption affinity.12, 17-1973

Importantly, redox kinetics can be rate limited which may lead to transient, non-equilibrium 74

conditions.12, 14 Pu(VI) may occur in highly oxic waters, such as rainwaters, but it is expected to75

rapidly reduce to Pu(V) in most other natural waters.20, 21  In oxic environments, such as in 76

surface waters, Pu in the aqueous phase is predominantly expected to occur in the pentavalent 77

state.5 20, 21 Due to effective charge considerations, Pu(V) is also expected to be the most mobile 78

oxidation state of Pu, displaying a low adsorption affinity for mineral surfaces. In the presence of 79

organic and inorganic material (including mineral surfaces), Pu(V) has been shown to reduce to 80

Pu(IV).18, 22-25  For example, the adsorption of Pu(V) to the iron oxyhydroxide mineral goethite 81

(αFeOOH) is thought to result in the reduction of Pu(V) to Pu(IV) on the mineral surface driving82

further adsorption of aqueous Pu(V).18, 23 Similar surface-mediated redox processes have been 83



observed on montmorillonite and quartz surfaces.12, 26, 27  In suboxic subsurface waters, Pu is 84

predominantly expected to occur in the tetravalent state which has been shown to have a far 85

greater adsorption affinity for mineral surfaces than either Pu(III), Pu(V) or Pu(VI).5, 18, 21, 25, 28, 29
  86

Therefore, the Pu(IV) oxidation state is likely to be the most important oxidation state of Pu 87

associated with mineral surfaces. Pu(III) has only been detected under simulated anoxic 88

environmental conditions.28, 30, 3189

The desorption of Pu from mineral surfaces has received less attention than adsorption although 90

it will also ultimately play a key role in determining the extent of aqueous Pu environmental 91

transport. Typically, batch desorption experiments demonstrate that Pu largely remains 92

associated with the mineral surface. For example, Pu batch desorption experiments with goethite 93

and hematite have indicated that less than 1% of the Pu associated with the mineral surface will 94

be desorbed.32 Similarly, experiments with sediments from the Esk Estuary, UK showed that 95

about 5% of Pu associated with the sediments (which was predominantly in the Pu(III)/(IV) 96

oxidation state on the sediment surface) could be desorbed in batch experiments.33  Similar 97

values were measured from Pu desorbed from Aiken, SC sediments34 where approximately 1-9% 98

of adsorbed Pu was removed in batch experiments across a pH range from 2.4-8.4. Greater 99

extents of Pu desorption have been reported for montmorillonite and silica, where up to 20% of 100

Pu was desorbed after ~300 days in batch experiments at pH ~8.14101

The oxidation state of Pu is also important in controlling both the rate and extent of Pu 102

desorption from mineral surfaces.14, 32-34 For example, the Pu, which was initially present on the 103

solid surface as Pu(IV), in the Aiken, SC sediments was found to be present in solution as Pu(V) 104

following a desorption period of 33 days.
34 In this case it was proposed that the oxidation of 105

Pu(IV) to Pu(V) on the mineral surface was the mechanism behind the Pu(IV) desorption. 106



Further, the desorption of Pu(IV) from Irish Sea sediments was found to increase when they were 107

exposed to natural sunlight.35 The sunlight was thought to cause the photoxidation of surface 108

Pu(IV) to Pu(V) which was subsequently more readily desorbed. This redox driven 109

remobilization is consistent with the behavior of other redox active radionuclides, such as Tc, Np110

and U, where oxidation of reduced, solid-associated species results in their remobilization.36-40
111

High concentrations of H2O2 (~0.01 – 0.1 M) are known to alter the oxidation state of Pu 6, 41 and 112

are used in the purification and separation of waste streams as well as the preparation of Pu stock 113

solutions for use in experimental work (e.g. Clark et al. 2007).42 Hydrogen peroxide can be used 114

to reduce Pu(V) or Pu(VI) to Pu(IV) and to precipitate Pu(IV) from acidic solution.41, 43
115

Oxidation of Pu(OH)4 by H2O2 in 4 M NaOH solution has also been demonstrated.44 These 116

results are consistent with half-cell reactions which demonstrate that both oxidation and117

reduction of Pu by hydrogen peroxide is possible (Equations 1 and 2).45118

Pu4+ + H2O2 = PuO2
2+ + 2H+ E0 = 0.6 – 0.4 V (1)119

PuO2
2+ + H2O2 + 2H+ = Pu4+ + O2 + 2H2O E0 = 0.5 – 0.7 V (2)120

It has been suggested that in seawater and at concentrations as low as 1 × 10-5 M, H2O2 may 121

enhance the reduction of Pu(V) to Pu(IV) thus potentially decreasing the mobility of Pu(V) 122

species.6123

Hydrogen peroxide is present in natural water bodies as a result of various processes including 124

photochemical reactions mediated by natural organic matter, input from rainwater, and metabolic 125

processes of fungi and bacteria.46-49 Concentrations up to 40 µM have been measured in 126

rainwater while in soils, H2O2 generated by fungi and bacteria can result in concentrations 127

between 2 and 15 μM in the surrounding microenvironment.46, 48-51 Indeed, it has recently been 128

proposed that H2O2 produced by subsurface bacteria may enhance the oxidation of contaminant 129



iodide species with associated implications for the environmental mobility of 129I.52 Finally, in130

nuclear waste repository scenarios, groundwater adjacent to spent nuclear fuel will be exposed to 131

ionizing radiation resulting in the production of H2O2 at concentrations of 1 – 1000 µM.53-55
132

It has been demonstrated that the decomposition of H2O2 is catalyzed in the presence of 133

Fe(II)/(III) species resulting in the production of reactive oxygen species (ROS) such as O2
-˙ and 134

OH˙.56-59 The generation of these ROS is pH dependent and is an area of active research.135

Illustrative reactions are shown in Equations 3 and 4.136

≡Fe(III) + H2O2  ≡Fe(II) + O2
-˙ + 2H+ (3)137

≡Fe(II) + H2O2 ≡Fe(III) + ˙OH + OH- (4)138

The ROS can enhance oxidation of organic matter or metals and may be more effective oxidizers 139

than H2O2 alone.56-58, 60 This oxidation can also extend to species, such as As(III), adsorbed to the 140

surface of iron(hydr)oxide minerals, and may exert an important control on their environmental 141

mobility.58, 59 Further, recent work has demonstrated that alpha radiolysis induced by 238Pu can, 142

in the presence of Fe(II), lead to the production of a sufficient concentration of H2O2 to cause the 143

oxidative dissolution of PuO2.
55 To our knowledge there have been no studies examining the 144

effect of H2O2 on Pu adsorbed to the surface of common minerals at environmentally relevant 145

H2O2 concentrations.146

Here we demonstrate that the desorption of Pu(IV) adsorbed onto mineral surfaces is caused by147

the presence of environmental concentrations of H2O2. In our study, Pu(IV) was adsorbed to the 148

surface of goethite (αFeOOH); montmorillonite (2:1 dioctahedral clay), and high purity quartz149

(SiO2) for a minimum of 21 days. H2O2 was then spiked into Pu-mineral suspensions and 150

aqueous Pu concentration monitored. H2O2 concentrations in the experiments ranged from 5 –151



500 µM and are broadly comparable to measured rainwater values (< 2 µM to > 40 µM), 152

concentrations generated by some bacteria (2- 15 µM) and concentrations likely to exist in153

nuclear repository environments as a result of radiolysis reactions (1 – 1000 µM).46, 48-51
154

MATERIALS AND METHODS155

Plutonium stock preparation156

A 238Pu stock (99.8% 238Pu, 0.1% 241Pu, and 0.1% 239Pu by activity) was used in all experiments. 157

The Pu stock solution was purified using an anion exchange resin (BioRad AG 1 × 8, 100−200 158

mesh) pre-conditioned with 8 M HNO3. Prior to loading on the resin, Pu was reacted with 159

NaNO2 to reduce it to Pu(IV). The Pu was loaded on the resin in 8 M HNO3, washed with 3 160

column volumes of 8 M HNO3, and then eluted in 0.1 M HCl.61 The oxidation state of the Pu 161

stock was checked with a LaF3 precipitation method 65 and found to be > 99 % Pu(III)/(IV).162

Mineral preparation163

All solutions were prepared using ultrapure water (Milli-Q Gradient System, >18 MΩ.cm) and 164

ACS grade chemicals without further purification. The SWy-1 montmorillonite (Source Clays 165

Repository of the Clay Minerals Society) was Na-homoionized and treated to remove organic 166

matter and free iron oxides. Details regarding this and the preparation of goethite were reported 167

previously.12, 26, 61, 62 The Iota 8 high purity quartz was obtained from Unimin Corporation 168

(Spruce Pine, NC) and was ground in a ball mill to increase surface area; no other pre-treatment 169

was performed. Surface areas were 20.6 ± 0.6 m2 g-1 for goethite, 31.5 ± 0.2 m2 g-1 for170

montmorillonite and 2.1 ± 0.2 m2 g-1 for quartz (N2(g)-BET, Quadrasorb SI). The amount of 171

extractable Fe in the montmorillonite removed by 0.5 N HCl was 530 ppm.12, 63 The Fe content 172



of Iota 8 high purity quartz is reported to be < 0.05 ppm (Unimin Corporation; Spruce Pine, 173

NC).64
174

Hydrogen peroxide desorption experiments175

Minerals were initially suspended in a 0.7 mM NaHCO3, 5 mM NaCl buffer solution. Goethite 176

suspensions were prepared with a solid-solution concentration of 0.1 g L-1, montmorillonite and 177

quartz suspensions had a concentration of 1 g L-1. Dilute HCl and NaOH were used to adjust the 178

pH of the mineral suspensions to 4, 6, and 8. Suspensions were equilibrated for 48 hours under 179

atmospheric conditions and then spiked with Pu(IV) to a final concentration of 3 × 10-10 M which180

is expected to be below the solubility of Pu(IV). The pH was readjusted accordingly and the 181

suspensions allowed to equilibrate in the dark at room temperature for 21 days. 182

Following this equilibration period, aliquots of the suspension were removed and centrifuged at 183

10,000 × g for 30 minutes to achieve a particle size cut-off of 60 nm. The Pu concentration in the 184

supernatant was determined by liquid scintillation counting (LSC; Packard Tri-Carb TR2900 185

LSA and Ultima Gold cocktail). A 35 mL aliquot of the original suspensions was transferred to a 186

clean Nalgene Oak Ridge polycarbonate centrifuge tube and spiked with a H2O2 stock prepared 187

by dilution of a 30 % H2O2 solution with Milli-Q water just before use. The concentration of the 188

H2O2 stock was verified by measuring its absorbance at 240 nm.66 Final H2O2 concentrations 189

were 5, 50 and 5 µM in goethite experiments, 5 and 500 µM in quartz experiments and 5 µM in190

montmorillonite experiments. The tubes were wrapped in aluminum foil to minimize 191

photochemical reactions and placed on an orbital shaker at 125 rpm at room temperature.  192

To measure desorption of Pu from mineral surfaces, aliquots of the suspensions were withdrawn,193

centrifuged and the Pu concentration in the supernatant determined by LSC. Pu desorption was 194

typically monitored over a 30 day (720 hour) period. Supernatant Fetotal concentration in goethite 195



experiments at early timepoints was measured using the Ferrozine method described by Viollier 196

et al.67
197

To characterize H2O2 decomposition in the presence of goethite, a set of Pu-free goethite 198

experiments was performed at pH 4, 6, and 8 with 50 µM H2O2. The H2O2 concentration in the 199

supernatant was measured as a function of time using Amplex Red reagent (Life Technologies, 200

CA).68 Standard calibrations were run at each sampling point and returned R2 values of 0.99 or 201

better (detection limit is 0.1 M).69202

Flow cell experiment203

To complement the batch experiments, a flow cell experiment was performed with goethite at pH 204

8. The flow cell set up was similar to that described previously for Np(V) reaction with 205

goethite.62 The flow cell was made of Teflon and had a volume of 20 mL. Prior to use, the cell 206

was washed with 10% HCl and MQ water. A 20 mL aliquot of the 21 day Pu-goethite 207

equilibrated suspension at pH 8 was placed in the flow cell and 0.7 mM NaHCO3, 5 mM NaCl 208

buffer solution at pH 8 was pumped through the cell at a rate of 0.4 mL min-1 (retention time of 209

50 minutes) for 3 chamber volumes. After this period, the influent solution was changed to a 210

buffer solution spiked with 10 µM H2O2 at a rate of 0.4 mL min-1 for 7 chamber volumes. 211

Effluent fractions were collected on a Spectra/Chrom CF-1 fraction collector and the volumes 212

determined gravimetrically. Pu concentration was determined via LSC as described previously.213

RESULTS AND DISCUSSION214

Two terms are used to describe the sorption/desorption behavior of Pu in the current work. The 215

first of these is Kd (mL g-1), which was calculated after the 21 day adsorption period from the 216

bulk Pu suspension concentration (CBulk, M), supernatant Pu concentration (C0, M) and the 217



mineral suspension concentration ([mineral], g mL-1) as follows:218

Kd=
CBulk-C0

C0
 

1

[mineral]
(5)219

Typically, Kd values are used to imply an equilibrium distribution coefficient. However in these220

experiments equilibrium was most likely not achieved because of the complexity of Pu oxidation 221

state transformations on both mineral surfaces and in solution. As a result, we consider Kd in this 222

work to be a conditional Kd used simply to characterize the distribution of Pu between the solid 223

and the aqueous phase. 224

The second term is ‘desorbed Pu’ (Cdes, M) which refers to the concentration of Pu desorbed 225

from the mineral surface and is calculated by subtracting the aqueous Pu concentration at the 226

time suspensions were spiked with H2O2 from the concentration of Pu at each time point. Cdes227

was calculated as:228

Cdes = Ct – C0 (6)229

Where is Ct (M) is the concentration of Pu in solution at the sampling timepoint and C0 (M) is 230

the concentration of Pu in the supernatant after the 21 day adsorption equilibration period. Cdes is231

used to allow comparison of the absolute concentration of Pu desorbed from the mineral surface 232

in these experiments because the initial amount of Pu adsorbed to the mineral surface varies as a 233

function of pH and mineral type. Because of the way Cdes is calculated, it is possible to obtain234

negative values for this term as re-adsorption processes can result in Pu solution concentrations 235

falling below values measured at the start of the H2O2 experiments.236

Adsorption of Pu(IV) to goethite, montmorillonite and quartz237

The adsorption of Pu(IV) to all minerals following the 21 day adsorption equilibration period is 238

reported in terms of log Kd in Table 1. These data show that the adsorption of Pu(IV) is strongly 239



affected by both pH and mineral type. Furthermore, the pH-dependence is unique to each240

mineral. In the case of goethite, the extent of adsorption was lowest at pH 4 and highest at pH 8.241

For montmorillonite, the highest Pu(IV) adsorption is at pH 4 after which adsorption decreases 242

with increasing pH. Pu(IV) sorption to quartz was lower than for montmorillonite and goethite243

and shows a maximum Kd value at pH 6. The Kd values obtained in the current work for goethite 244

and quartz are broadly consistent with those calculated from previous adsorption studies for 245

goethite 18 and quartz 27. For montmorillonite, which to our knowledge has been the subject of 246

fewer Pu adsorption studies, the log Kd value at pH 8 of 4.48 is similar to the value of 4.32247

obtained previously in a comparable isotherm experiment with 10-10 M Pu(IV).12
248

Pu(IV) – Goethite – H2O2 Interactions249

Addition of H2O2 to systems containing Pu(IV) adsorbed to goethite resulted in the desorption of 250

Pu(IV) from the goethite surface (Figure 1). The extent of desorption showed a pH dependency 251

such that the amount of Pu desorbed at pH 4 > pH 6 >> pH 8. At pH 4, the Pu continues to be 252

removed from the goethite surface throughout the experiment (720 hours). In contrast, at pH 6 253

and 8 desorption had stopped and re-adsorption of Pu from solution had started to occur by the 254

end of the experiment as evidenced by a decline in desorbed Pu concentration.255

In batch experiments, the maximum desorption of Pu was observed at pH 4 with a H2O2256

concentration of 500 µM where 76% of the Pu initially associated with the goethite was 257

desorbed. The lowest maximum desorption observed was at pH 8 with a H2O2 concentration of 5 258

µM in which 1.8 % of the surface Pu was desorbed after 288 hours. This value is significantly 259

larger than the < 1% desorption of Pu from goethite at pH 8.25 reported by Lu et al.32260

Importantly, for experiments at circumneutral pH values, significant desorption of Pu was 261

observed at environmentally relevant concentrations of 5 (pH 6, 32.5%; pH 8, 5.6%) and 50 μM 262



(pH 6, 36.4%; pH 8, 1.8%) H2O2.
48-50 Thus our results suggest that the desorption of Pu(IV) 263

adsorbed to goethite surfaces in natural environments could be catalyzed by the presence of 264

H2O2. 265

Apparent rates of Pu desorption from goethite in the first 4 hours of the experiment were 266

calculated and are plotted as a function of H2O2 concentration in Supporting Information (SI)267

Figure S1. For experiments at pH 4 and 6, the early-time rates of Pu desorption are similar. In all 268

experiments, the rates are substantially greater at 50 and 500 µM H2O2 than at 5 µM. However, a 269

simple first order dependence on H2O2 concentration is not observed.  This suggests that H2O2270

may not be the rate-limiting species for desorption but that it may be a product of H2O2271

decomposition which controls Pu desorption. At pH 8, apparent desorption rates are much lower 272

than at pH 4 and pH 6 for all H2O2 concentrations. The desorption rate at pH 8 with a H2O2273

concentration of 5 µM is again lower than the rate at 50 µM and 500 µM but the difference is274

much less marked than for experiments at pH 4 and 6.275

To examine the relationship between H2O2 decomposition and Pu desorption, H2O2276

concentrations were measured in Pu-free goethite experiments spiked with 50 µM H2O2. Figure 277

2 shows that a decline in H2O2 concentration occurs over time at all pH values. After 192 hours, 278

over 94% of H2O2 had been lost from solution at all pH values. Pseudo-first order rate constants279

were calculated for the first 96 hours of H2O2 loss from solution. Data were surface area 280

normalized in order to facilitate comparison with other work. Rates were 0.019 h-1 m-2, 0.013 h-1281

m-2 and 0.002 h-1 m-2 at pH 4, 6 and 8, respectively. A pH dependency on the rate of H2O2282

decomposition in the presence of an iron oxyhydroxide mineral has been observed previously.59, 283

70, 71 Our rates of H2O2 decomposition are comparable to previously published surface area 284



normalized H2O2 decomposition rates in the presence of goethite at pH ~7 of 0.0098 h-1 m-2 and 285

0.0012 h-1 m-2.70, 71
286

Comparison of these parallel Pu-free experiments (Figure 2) with Pu-containing experiments at 287

50 µM H2O2 (Figure 1) indicates that the apparent rate/extent of Pu desorption is broadly288

proportional to the rate of H2O2 loss. For example, H2O2 decomposition rates at pH 4 and pH 6 289

are comparable to each other and are significantly greater than the rate at pH 8. Similarly, initial 290

Pu desorption rates at pH 4 and 6 are alike and greater than the rate at pH 8. It is important to 291

note that whilst the parallel Pu-free experiment at pH 4 shows that H2O2 has been largely 292

removed from solution after 100 hours of reaction time (Figure 2), in the equivalent Pu-293

containing experiment, Pu continues to be desorbed from the goethite surface (Figure 1). In 294

contrast, at pH 8, the Pu concentration in solution begins to fall after 48 hours despite the parallel 295

H2O2 experiment indicating that there will still be significant H2O2 remaining in solution at this 296

time (Figure 1; Figure 2). This suggests that it is H2O2 decomposition products and not H2O2 that297

catalyze Pu desorption. Further work is needed to elucidate the species responsible for catalyzing 298

Pu desorption at different pH values.299

Mechanisms for Pu desorption300

To test whether goethite dissolution was responsible for Pu desorption from goethite, the 301

concentration of Fe in solution was measured at early time points. However, no significant Fe 302

was detected in solution during the first 48 hours of the experiment via spectrophotometric 303

analysis (estimated detection limit 0.3 µM). Further, measurement of all the supernatants by ICP-304

MS after 12 days of reaction showed that Fe concentrations were below 2 µM and did not differ 305

significantly from pre H2O2 spike concentrations (data not shown). This indicates that the 306

observed desorption of Pu is not the result of goethite dissolution.307



It is likely that changes in Pu oxidation state will contribute to the desorption of Pu(IV) in these 308

experiments given that Pu(III), Pu(V) and Pu(VI) species all have a lower sorption affinity for 309

goethite than Pu(IV).18, 25, 29  Due to the low Pu concentrations used in this study, the complex310

nature of aqueous Pu oxidation state distribution, and the relatively fast timescales of the Pu 311

desorption observed here, traditional indirect methods of assessing Pu oxidation state in solution312

(e.g. LaF3 precipitation, solvent extraction) were unable to definitively characterize these 313

systems. However, the results of aqueous Pu oxidation state measurements in experiments at pH 314

4 and pH 6 at 500 µM H2O2, where the most Pu desorption is observed, show that the 315

predominant aqueous oxidation state changes from Pu(III)/(IV) to Pu(V)/(VI) over the course of 316

the experiment. A more detailed discussion of these data is included in the SI. Previously, 317

Fenton-type reactions between H2O2 and Fe(III) have been shown to produce ROS capable of 318

altering the oxidation state of As(III) adsorbed to a ferrihydrite leading to potential changes in its319

sorption behavior.59 Thus, it is likely that H2O2 interaction with Fe(III) results in the production 320

of ROS which act to alter the oxidation state of sorbed Pu(IV), most likely to Pu(V) or Pu(VI),321

leading to its desorption from the mineral surface. 322

Re-adsorption of Pu by goethite323

As mentioned previously, a noticeable aspect of the pH 6 and pH 8 desorption plots in Figure 1324

is that at all H2O2 concentrations investigated, a percentage of the Pu which was initially 325

desorbed is subsequently re-adsorbed on the goethite surface. The re-adsorption was not 326

observed at pH 4 over the timescale of these experiments (30 days). The initial desorption327

followed by re-adsorption of Pu suggests that there are at least two competing processes with 328

different kinetic rates occurring in these systems: a ‘forward’ H2O2-catalyzed Pu desorption 329

process and a ‘reverse’ Pu re-adsorption process. Thus the apparent extent of desorption at any 330



one time in these experiments is both a function of the ‘forward’ H2O2 driven desorption (H2O2-331

catalyzed Pu(IV) oxidation and desorption) and also of the rate of the ‘reverse’ re-332

adsorption/surface mediated reduction. The faster re-adsorption/surface mediated reduction 333

observed here with increasing pH is consistent with the pH-dependent surface mediated Pu(V) 334

reduction rates on goethite reported by Powell et al. (2005).23
335

Pu adsorption to goethite exhibits a pH dependency in these experiments and is greatest at pH 8336

(Table 1). Additionally, the reaction of H2O2 with Fe(III) and the nature of the ROS formed has 337

been shown to be pH dependent.59  Thus we propose that the lower level of desorption observed 338

at pH 8 is a function of both the limited efficacy of the forward H2O2-catalyzed desorption and 339

the strong adsorption affinity of Pu for goethite at this pH. Further the re-adsorption, which is 340

also seen at pH 6, likely results from a loss of effective ROS species in the batch system and 341

hence a loss of driver for the forward desorption reaction. In contrast, at pH 4, the forward 342

reaction is not only more effective but the adsorption affinity of Pu (especially Pu(V)) for 343

goethite is much lower than at pH 8.23 This interplay of forward and reverse processes is likely to 344

have implications for the H2O2 influenced mobility of Pu in natural environments. 345

Goethite flow cell experiment346

The flow cell experiment was performed with 10 µM H2O2 to confirm that the re-adsorption of 347

Pu observed in the batch goethite experiments at pH 8 was caused by a decline in H2O2/ROS 348

concentration. Figure 3 shows the cumulative fraction of surface Pu desorbed from the goethite349

during the flow cell experiment. Minimal Pu was desorbed from the goethite when the influent 350

solution was the 0.7 mM NaHCO3, 5 mM NaCl buffer solution at pH 8 (Figure 3). However, 351

when the influent solution was spiked with H2O2 (indicated by the dashed red line in Figure 3) a 352

significantly higher concentration of Pu was desorbed. Continuous desorption of Pu from the 353



goethite was observed for the duration of the flow cell experiment. At the termination of the 354

experiment, the amount of surface Pu desorbed was 3.2% compared to batch experiments at pH 8 355

with 5 and 50 µM H2O2 where maximum surface desorption was 1.8 % and 5.6 %, respectively.  356

The continuous removal of Pu from the goethite surface as opposed to the re-adsorption in the 357

batch experiments also demonstrates that it is a decline in the efficiency of the ‘forward’ H2O2-358

catalyzed desorption which leads to the re-adsorption of Pu seen in batch experiments at pH 8. 359

From an environmental standpoint, this suggests that the continued presence of H2O2 in the 360

environment will lead to significant desorption of Pu from the surface of iron containing 361

minerals at circumneutral pH. In contrast, transient production of H2O2 by natural processes 362

would result in a temporary desorption of Pu.363

Pu(IV)-quartz-H2O2 and Pu(IV)-montmorillonite-H2O2 interactions364

Plutonium-H2O2 desorption experiments were also performed with quartz and montmorillonite at 365

a H2O2 concentration of 5 µM. These experiments were carried out to determine if environmental 366

concentrations of H2O2 could catalyze desorption of Pu from a mineral surface lacking an 367

obvious catalytic iron species. Figure 4 shows that H2O2-catalyzed desorption of Pu from the 368

quartz and montmorillonite surfaces occurs to some degree and in a transient manner at all three 369

pH values. However, the extent of desorption is much less pronounced than that observed in the 370

corresponding goethite experiments. We note the increased scatter in the data in the quartz 371

experiments which we attribute in part to the lower initial adsorption of Pu(IV) onto quartz. The 372

desorption of Pu from both quartz and montmorillonite was transitory at all pH values with Pu 373

concentrations declining to values at least equal to or less than initial solution concentrations by 374

the end of the experiment leading to negative desorbed Pu concentrations in Figure 4. 375



Although these results suggest that the presence of H2O2 at environmental concentrations can 376

catalyze desorption of Pu from quartz and montmorillonite, it also highlights the importance of 377

reactive Fe in the desorption process at low H2O2 concentrations. Future work is planned to 378

investigate whether ROS formed by the decomposition of H2O2 in the presence of goethite can379

enhance the desorption of Pu from adjacent mineral surfaces such as montmorillonite and quartz. 380

A final experiment was performed with quartz and H2O2 at 500 µM H2O2. SI Figure S3 shows 381

that Pu desorption was much more pronounced at this higher H2O2 concentration. The extent of 382

Pu desorption is surprising given that there is no obvious source of catalyst for the Fenton-type 383

heterogeneous oxidation which is posited to drive Pu desorption from goethite. Measurement of384

Si in solution after 12 days of reaction indicated that some dissolution of quartz occurred in these 385

experiments following addition of H2O2 (data not shown) so we cannot rule out a dissolution 386

driven desorption process in these experiments. Nonetheless, the data indicate that given 387

sufficient H2O2 concentration, Pu(IV) can be desorbed from a silicate mineral in the absence of 388

Fe. However, we also note that 500 µM H2O2 is at least an order of magnitude greater than 389

environmental H2O2 concentrations. The difference in Pu desorption behavior between quartz at 390

500 µM and 5 µM highlights both the complexity of mineral-contaminant-H2O2 reactions and 391

the importance of using environmentally relevant H2O2 concentrations when investigating 392

environmental, H2O2-catalyzed reactions.393

ENVIRONMENTAL IMPLICATIONS394

Previously, it was suggested by Morgenstern and Choppin that the presence of H2O2 in the 395

environment may enhance the rate of Pu(V) reduction in natural waters, potentially limiting its 396

environmental mobility.6 In the current study, we show that Pu(IV) adsorbed to the surface of 397

goethite experiences a pH-dependent desorption in the presence of environmentally relevant 398



concentrations of H2O2. The presence of environmental concentrations of H2O2 also caused 399

desorption of Pu from quartz and goethite was but this was far less significant than for goethite. 400

These results suggest that H2O2 can catalyze the desorption of mineral associated Pu(IV) in 401

contaminated environments especially in the presence of Fe species. Given the ubiquity of Fe 402

minerals such as goethite in the environment this mechanism may be important in a number of 403

scenarios including: surface water environments experiencing rainfall input as well as seasonal 404

changes in hydrogen peroxide-generating natural organic matter; subsurface environments where 405

bacterial processes generate high levels of H2O2; and nuclear waste repositories where H2O2 is 406

formed by the effect of radiation on water.  Further study is needed to elucidate the Pu desorption407

mechanism. There is also the potential that this desorption process will be relevant for other 408

redox active radionuclides, such as uranium or neptunium, which show lower environmental 409

mobility in the reduced oxidation state.410
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Table648
649

Mineral pH 4 pH 6 pH 8

Goethite 4.42 ± 0.02 5.31 ± 0.02 6.21 ± 0.07

Montmorillonite 6.29 ± 0.28 4.92 ± 0.03 4.48 ± 0.02

Quartz 3.20 ± 0.04 3.50 ± 0.03 3.71 ± 0.03

650
Table 1. Calculated log Kd (mL g-1) Pu(IV) values for goethite, montmorillonite, and quartz as a 651

function of pH value following 21 days’ equilibrium in 0.7 mM NaHCO3, 5 mM NaCl buffer 652
solution. Error bars based on propagation of 2s % LSC uncertainties. 653
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Figures661

662

Figure 1. Desorption of Pu from goethite following addition of: 5 × 10-4 M H2O2 (diamonds); 5 663

× 10-5 M H2O2 (squares); and 5 × 10-6 M H2O2 (triangles). Experiments performed in 0.7 mM 664

NaHCO3, 5 mM NaCl buffer solution with 0.1 g L-1 goethite. Desorbed Pu calculated as increase 665

in concentration of solution Pu following addition of H2O2. Error bars based on propagation of 2s 666

% LSC uncertainties. Please note differences in y-axis scales.667



668

Figure 2. H2O2 loss from solution in parallel, Pu-free 0.1 gL-1 goethite / 0.7 mM NaHCO3, 5 mM 669

NaCl buffer suspensions. Experiments performed at initial pH values of 4 ( triangles); 6 (crosses); 670

and 8 (circles) and spiked with 5 × 10-5 M H2O2. Errors extrapolated from the standard deviation 671

of triplicate sample measurement at 192 hours.  672

673



674

Figure 3. Experimental results from Pu(IV)–goethite desorption flow-cell experiment performed 675

with 3 × 10-10 M PuBulk and 0.1 g L- goethite at pH 8.  Initially the influent solution was Pu-free 676

0.7 mM NaHCO3, 5 mM NaCl buffer at pH 8. After 3 chamber volumes, the cell was spiked with 677

1 × 10-5 M H2O2 (denoted by dashed red line). Influent flow rate was 0.4 mL min -1 (50 minute 678

average retention time). Error bars based on propagation of LSC uncertainties.679
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687

Figure 4. Desorption of Pu from (A) quartz and (B) montmorillonite following addition of 5 × 688

10-6 M H2O2. Experiments performed in 0.7 mM NaHCO3, 5 mM NaCl buffer solution with 1 g 689

L-1 mineral. Note the difference in y-axis scale between the two minerals and the different pH 690

values. Values may be negative if Pu concentrations fall below the concentration at the start of 691

the experiment. Error bars based on propagation of 2s % LSC uncertainties.692
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